Abstract. In conformity with our previous work on the measurement process in quantum mechanics in terms of first passage random walks in Hilbert space through interactions with the measuring devices, we here consider the problem of measurement of entangled states at spatially separated measuring devices. We find that Bell's inequality need not be an obstacle if the set of hidden variables include local ones, and we present a simple model that includes specific probability distributions of the source and local hidden variables, giving the quantum mechanical result for the expectation value of the spin-spin correlation for arbitrary orientations of the frames of measurement, which is known to violate Bell's relation for chosen angles of orientation.
Introduction
Our previous works [1, 2] have outlined a picture of the gradual step by step transition of a superposed quantum microstate to an eigenstate of a measured operator through interactions with a macroscopic measuring device,the steps being random not due to the conventional quantum intrinsically indeterminism, but on account of the stochasticity introduced by the large number of degrees of freedom of the measuring macrosystem. Unlike more complex mechanisms of specific formulations of the random walks [3, 4, 5, 6, 7, 8, 9] our method depends on intuitively simple mechanisms due to the symmetrization process and the formation of quantum images of the measured microsystem in the measuring device and first passage random walks [10] which go down a hierarchy of lower dimensional simplexes to arrive at a vertex, i.e. a particular eigenvalue with the probability given as an axiom in the Copenhagen interpretation. Such a hierarchical pattern of the collapse of the state has also been proposed by Omnès [11] . As a follow up of the same plan for the more complicated case of measurement of an entangled state at two spatially separated detectors, we investigate here the feasibility of such a procedure, which apparently seems impossible in view of Bell's inequality.
Extended States and Coupled Measurements
Entangled states may be pictured as extended entities throughout the measurement process, if the spatially separated measuring devices are also considered as a single extended device. In quantum mechanics Fourier transforming from x-space to k-space involves complete delocalization. In historical terms the wave-particle duality, which is the basis of quantum theory, forms an extended picture of particles. The time development of a state in x-space using Schrödinger equation also requires a Hamiltonian which is the space integral of a Hamiltonian density, and hence is nonlocal.
Hence quantum objects are intrinsically nonlocal, and the collapse to a localized description is due to coupling with localized measuring devices.
We have shown [1, 2] how the macroscopic measuring device forms quantum images which are conjugates of the incoming measured states. In the case of an entangled state (using qubit notation for simplicity)
in our picture the two measuring devices at A and at B form the conjugate images for the corresponding components and the relevant part (not showing the passive crossterms as explained in previous work) is
The first passage random walk [1, 2] can now proceed just as in the case of a single detector measuring a simple unentangled state, provided the spatially separated detectorsĀ andB are considered as a single extended object, i.e. the coefficient of each term in the coupled system ( 1/2) changes by random steps at either detector, or both detectors taken as a single detector (Fig. 1 Figure 1 . Random walk transition of an entangled state to an unentangled product state with nonlocal changes at each step.
Localized Microsystem-Detector Interaction of an Entangled State
If the Hamiltonian density is localized
with
then we can use
for simple factorizable non-entangled state, and for our entangled state have to use
So, if we use independent random walks for the two measurement processes at A and at B, the outcome may be any of the four possible states
This indeed is expected to be the case if A and B are uncorrelated in all ways, including the direction of the measurement of the spin of the particles at A and at B. However, if detectors at A and B are parallel or antiparallel there is a perfect correlation or anticorrelation between the two measurements event by event. It is wellknown that for these extremal arrangements a hidden-variable theory is not in conflict with Bell's inequality, because, essentially the hidden variable propagating from the source can carry the code with the particle's state functions for the binary choice to be made at the two spatially separated measuring devices when the particles reach there. In quantum mechanics the expectation value of the correlation of the two orientations of the spin (we take the normalization +1 and -1 for simplicity as conventional) is simply −cos(θ), where θ is the angle between the axes along which the spin is measured at A and at B. A perfect correlation or anticorrelation indicates that the one-to-one match is true for every single event.
Localized Measurements, Hidden Variables and Bell's Inequality
We have stressed in previous works that the random walks involved in the measurement process take place in the Hilbert space of the microsystem-detector combination, not in configuration space, and hence a single step in the walk may in principle involve an extended system covering both measuring devices. It was shown by Bell [12, 13] that forming correlations among spatially separated measurements in terms of averages over single measurements, which must in each single case yield an eigenvalue of the operator representing the measurable quantity, led to his well-known inequality, which is violated by usual quantum mechanical expectation values [14] , thus making hidden variables inconsistent with locality, and experimental evidence now seems clearly to favor this axiomatic interpretation of the expectation value sans hidden variables.
Let us briefly recapitulate the derivation of Bell's original 1964 form of the inequality to compare what will follow. The CHSH [15] form is only a symmetrized form of the same and derivable in an identical way.
Given the hidden variable λ with the distribution ρ(λ) and given locality in the sense that the result of any measurement for a given λ at A (E A = ±1) and at B (E B = ±1) depend on only the orientations of the measuring device at A and B and on λ, one gets the expectation value for the spin correlation C for different orientations b and b ′ at B , but the same orientation a at A:
using the conservation law for the zero spin system
with the resulting inequality
Since quantum mechanics gives
the inequality can be violated by choosing appropriate directions for a, b and b'. However, the assumptions Bell made regarding locality and hidden variables are not the most general possible. Let us now first use unit vectors for the frames of measurement a, b, b ′ , and also a unit vector representing the hidden variable λ, which is related to the source (e.g. the decaying spinless particle), which is shared by both A and B as it is carried by the decay products reaching A and B, as in Bell's hypothesis. However, we may also introduce local hidden variables µ A and µ B associated with the detectors A and B, with their own probability distributions ρ A (λ, µ A , a) and ρ B (λ, µ B , b):
The integration over λ is over the angular variables only, as we take it to be of unit length without losing generality. The the influence of the local hidden variables µ A and µ B on the outcome of the measurement E A and E B in individual events are deterministic in our picture, but also take into account the values of λ and also the directions of the frames a and b. As we shall see these variables may not have any influence at all, or may also control the detected values completely.
We notice that in this form, where locality is not violated, the products ρ A E A and ρ B E B are no longer maneuverable as in the Bell case using the simple relation E A (λ, a).E A (λ, a) = 1, irrespective of λ and of a etc., used to get Eqn. 8. Hence Bell inequality does not follow as a consequence of the local hidden variable's effect on the determination of local measurements.
A Specific Local Model with Quantum Expectation Values
The general considerations of the previous section can be made concrete with specific choices of the distribution functions for the hidden variables and if they can reproduce the quantum mechanical expectation value given in Eqn. 12, then Bell's inequality is automatically violated by the chosen model, indicating that locality in this general form does not necessarily lead to Bell's result. We define the model by the relations (all the vectors are unit vectors)
Since the contributions of µ A , µ B = ±1 cancels out in the expectation value, the actual contribution to C(a, b) comes only from the µ A , µ B = 0 part of the hidden parameter space
and with
and c 2 given by the normalization condition
it gives
as quantum mechanics predicts. The inclusion of the µ A , µ B = ±1 segments of the parameter space is required to normalize the total probability (Fig. 2) , but it can be easily seen that they vanish when a and b are parallel or antiparallel. The overall sign in the correlation is a matter of convention related to giving a chosen sign to parallel or antiparallel frames at A and B, and can be adjusted by taking the appropriate sign of a related factor in the expression for the correlation.
Conclusions
We have seen that introducing new local hidden variables in the vicinity of spatially separated measuring devices to detect entangled states, in addition to the hidden variable coming from the source and shared by the detectors, makes Bell's inequality unobtainable, and hence the inequality cannot be the consequence of the more general possible forms of defining locality of measurement for components of an entangled state. We have shown an explicit example where quantum expectation values can result from the interplay of local and source hidden variables, which would of course violate the inequality. The local variables µ we have defined here are generic symbols for possibly more involved sets of local parameters and their values ±1 represent only a bifurcation of the sets to yield the two eigenvalues by pseudorandom walks in an actually deterministic but extremely complex way, as pictured in our previous works [1, 2] . It is interesting to note that in the extremal case of a.b = ±1 the source variable λ seems to control both detectors in a combined coherent way, whereas in the other extreme case of a.b = 0, the correlation coming from the source is lost completely, and the local variables give pseudorandom values with equal probability as one would expect.
